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Hadroproduction of the y; and y, states of charmonium in 800-GeYc
proton-silicon interactions
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The cross sections for the hadroproduction of fheand x, states of charmonium in proton-silicon colli-
sions at\s=38.8 GeV have been measured in Fermilab fixed target experiment 771y HEtates were
observed via their radiative decay 8dyy, where the photon converted ® e~ in the material of the
spectrometer. The estimated values for thendy, cross sections for>0 are 263 69(stat)y+ 32(syst) and
498+ 143(staty- 67(syst) nb per nucleon, respectively. The resultirigy;)/o(x») ratio of 0.53+0.20(stat)
+0.07(syst), although somewhat larger than most theoretical expectations, can be accommodated by the latest
theoretical estimates.

PACS numbgs): 13.85.Ni, 13.85.Qk, 14.40.Gx, 25.40.Ve

Charmonium hadroproduction has provided interestingsoft “color bleaching” gluons. Because of its semi-empirical
challenges to the understanding of QCD. Early attempts tmature, color evaporation cannot make specific predictions of
describe the formation of ac bound state, according to the the relative charmonium state production rates. Rather, it is
color evaporation[1] or color singlet[2] models, did not assumed that either they are all produced at the same rate or
provide a satisfactory description of the available data. Theroportionally to the number of spin stat€®5 for y,/x»
measurement presented here represents a significant confproductior).
bution to existingcc hadroproduction data, since it is the _ The color singlet model, on the contrary, demands that the
first observation of cleanly resolved andy, states ina pN cc pair be produced in a bound colorless state and attempts
fixed target experiment. B to compute the rate of production for various charmonium

In the color evaporation approach, the pair is assumed states by taking into account the relevant quark and gluon
to be produced in an unbound, not necessarily colorless statdiagrams. When dealing witR; and y, production by pro-
The final colorlescc state is reached via the emission of tONS on a nuclear target, the contribution of antiquafiem

the nucleon seas small, andy production viagqq annihila-
tion is negligible compared to gluon mediated processes.
*Corresponding author. Electronic address: Moreover,y; production by gluons is suppressed at the low-
cox@uvahep.phys.virginia.edu est order by the Yanf] theorem, forbidding the production
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of a spin-1 particle by two massless spin-1 quanta. So in
proton induced reactions, thq / x» ratio is expected to be of I
order 5%[4]. SR
More recently, the nonrelativistic QCINRQCD) factor- § 3
ization approacth5], which incorporates in a more rigorous & |
fashion some of the features of the previous models, has Z 107
provided a more successful description of the process. Iné’

=
particular, the NRQCD approach allows the initia state to
be produced in a color octet as well as a color singlet state,
but also factorizes the production process into a short dis-

tance process, where thgpair is created, and a long dis- 275 3 325 35

3|75
tance part in which thec pair hadronizes into the observed M hr
charmonium state. As discussed below, the most recent esti- o o
mates of this model are that the to x, ratio can be as large FIG. 1. _Opposr[e sign dimuon mass spectrum. The ;olld !lne is a
as 30%. fit to the signal plus background and the dashed line is a fit to the
The Fermilab E771 experiment utilized a large- Packground only. The inset shows thiesignal.
acceptance spectrometg] to measure several processes
containing muons in the final state. Protons of 800 @eV/ chamber set, identifying a region in which to search for can-
momentum were transported by the Fermilab Proton Wesdidate muon tracks. Muon tracks reconstructed in the rear
beam line to the High Intensity Laboratory, where they hit achamber set were then matched with tracks found in the front
24 mm thick silicon target. Operating at a beam intensity ofchamber set by requiring a good front-rear linkipg The
~3.6x 10’ protons per spill second, the experiment accumuinuon pairs were required to come from a common vertex.
lated a total of 6.4 10 p-Si interactions. The incoming About 50 000 dimuon events survived the reconstruction pro-
proton beam trajectory and flux were measured by a si¥€ss and cuts.
plane silicon detector station. The 0.26 radiation length tar- Figure 1 shows the resulting dimuon mass spectrum con-
get was composed of twelve 2 mm silicon foils separated byaining peaks corresponding to tiéy, (2S), andY (in-
4 mm. The target was followed by a microvertex detectors€d. Superimposed on the dimuon mass spectrum is a fit to
consisting of fourteen 30Qum thick silicon planes that, the data obtained with the sum of two Gaussians foiJthe
while not used in the analysis presented here, contributed @peak, a single Gaussian for thg(2S), and the form
additional 0.04%, to the target region radiation length. (a/miu)exp(—bmw) for the continuum background. The
The spectrometer’s tracking system consisted of sevetwo Gaussians fit to thé/¢ peak is a good approximation
multi-wire proportional chambers and three drift chamberg(as confirmed by Monte Carlo simulatiorte a nonconstant
upstream plus three drift chambers and six combination driftmass resolution, caused by the confusion associated with in-
pad/strip chambers downstream of a dipole analysis magneteases in hit density near the beam region. The number of
which provided an 821 Me\ p; kick in the horizontal J/¢'s and (2S)’s after background subtraction was
plane. Downstream of the wire chamber system, an electrakl 660+ 139 and 218 24, respectively8].
magnetic calorimeter consisting of an active converter and Events in a window of=100 MeV/c? around thel/
396 scintillating glass and lead glass blocks was used fomass were refit varying the muon momenta within measure-
electron and positron identification. The final element of thement errors, with the constraint that the invariant mass of the
spectrometer, a set of three planes of resistive plate countepsir be equal toJ/¢y mass. The resulting dimuon event
(RPC’S segmented into 512 readout pads and sandwichesample was then inspected to search éde~ pairs that
between layers of steel and concrete absorbers, providedight be the result of conversions of photons from
muon identification. The material in the absorber walls rep-—J/y decays. Dimuon events which contained pairs of
resented an energy loss of 10 GeV in the central region anttacks matching the topology of a—e*e~ conversion in
6 GeV in the outer region of the detector for the incidentthe target region—collinear before the magnet in both bend
muons. and non-bend projections, collinear in the non-bend plane
A dimuon trigger[7] selected events with & in the  and coplanar in the bend plane after the magnet—were then
final state via the decay/¢/— u™ ™. A trigger muon was designated ag decay candidates.
defined as the triple coincidence of tldR of 2X 2 pads in All electron-positron pair candidates were required to sat-
the first RPC plane and theR of 6 X6 pads in the second isfy additional conditions. At least one of the two track can-
and third RPC planes in projective arrangements. A dimuoridates was required to be associated with an energy depo-
trigger was defined as two such triple coincidences. The trigsition in the calorimeter consistent with an electro-magnetic
ger reduced the 1.9 MHz interaction rate by a factor ofshower. In addition, the total transverse momentum of the
~10% selecting approximately 1:310° dimuon events to be e*e™ pair in the rear of the magnet was required to be zero
written to tape. (within the resolution of the spectrometeelative to the
The seed for muon track reconstruction was provided bycommone™e™ trajectory in front of the magnet. To quantify
the RPC triple coincidences. The roads formed by the padsow well a pair fitted they—e*e™ hypothesis, ay® was
involved in the coincidences were projected into the reaformed,
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FIG. 2. J/ye™e™ invariant mass. The solid line shows a fit to a

- ) : FIG. 3. o(x1)/o(x») in proton-nucleon interactions. Results
polynomial background plus two Gaussians of equal width.

from this experimentE771) are shown, together with the two ex-
isting results and the world average witlr Errors.
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> > 5 > 5 > (1) tracks obtained by this prescription were then inserted into
Taxat0axe  TayiT0ayp  Ohy T 0hy actual dimuon trigger events to simulate realistically back-
grounds and losses in pattern recognition due to confusion
wherea,, anda,, are the electron and positron track inter- from noise hits and other tracks. Measured detector efficien-
cepts at the magnet in the bend plaag, anday, the track cies were also applied to the inserted hits. These hybrid
intercepts in the non-bend plarg, andb,, the track slopes Monte Carlo and data events were analyzed in a manner
in the non-bend plane, and tles are the measurement er- identical to the data in order to determine acceptances and
rors on these quantities. The electron-positron candidate wittracking efficiencies.
the smallesiy? in a given event was designated as a photon Rather than simulating the response of the electromag-
conversion candidate. Additional cuts requiring a godgd  netic calorimeter tee™ in detail in a Monte Carlo simula-
the transverse momentum of the parent photon to be betwedions, the efficiency of matching an electron or positron can-
250 and 700 MeW, and the invariant mass squared of thedidate to a shower in the calorimeter was determined using a
e*e” pair to be less than 3000 (Met#)? were applied to large sample of electron-positron pairs from photon conver-
maximize signal to background in the final sample of eventssions in minimum bias events. A sampleefe™ pairs with
containing both a/¢ and a photon conversion. kinematics similar to those of thg e"e™ pairs was col-
The J/y e"e™ invariant mass shown in Fig. 2 was cal- lected using very tight cuts to ensure @he™ identity. This
culated using the electron and positron momenta obtainesiample was then subjected to the same constraints as those
from the tracking system. Clegy; and y, signals can be applied in they analysis. The acceptance for-e*e™ was
seen. The background to thg and y, was well described 12.2% and the efficiency for reconstruction and physics
by uncorrelatece™ e~ and J/ combinations: the solid line analysis of thee* e~ 18.6%. The conversion probability for
of Fig. 2 was obtained by fitting two Gaussians plus a poly-xy photons was 36.3%, resulting in an overall acceptance
nomial background. The polynomial background was obtimes efficiency times conversion probability for photons
tained by fitting the mass distributions &fy’s ande™e™'s  from y decay of (8.24:0.4)x 10 3. The region ok accep-
extracted from different events. The numbersygfand y,  tance of the spectrometer fars was betweerxg=0, and
obtained from the fit are 389 and 33:10, respectively. Xg=0.25.
The fitted width is 5.2-2.0 MeV/c? for both they; and x, Using they—e*e™ acceptance and efficiency, the mea-
peaks. sured branching ratios foy; and y, into J/¢ vy [11], the
To determine the total cross section fpr and y, pro-  measured)/¢s pN forward cross sectiofi8] at \s=38.8
duction, the overall acceptance times efficiency for photorGeV and the number of observed, x, andJ/y—u* u™,
conversion and for electron-positron acceptance and reconthe absolutey; and y, cross sections fox>0 were calcu-
struction efficiency had to be determined. To accomplishated to beo(y;) =263+ 69(stat) 32(syst) nb/nucleon and
this, a Monte Carlo sample of—J/¢ vy, J/p—upn™ de-  o(x,) =498+ 143(stat} 67(syst) nb/nucleon, respectively.
cays was generated usimyTHIA [9]. The photon and the The main contributions to the systematic errors came from
muons were then propagated througlseanT [10] simula-  the error on thel/ s cross sectioli9%), the uncertainty in the
tion of the E771 detector, including conversion, scattering, knowledge of the cut efficiencig€§%) and the errors on the
bremsstrahlung andiE/dx. Hits from the Monte Carlo branching ratios for; (6%) and y, (8%).
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—~1000 ¢ the wave function by+30%. The corresponding:2%
iz 500 k A E673 pBe _change in they gcceptance ang cross sections is included
2 g : in the systematic error.
S osoo L o E7Oop Using the production cross sections fgy and y», the
= - @ E/71pS ratio of the y; to y, production cross sections was deter-
® 700 mined to be o (x1)/o(x,)=0.53+0.20(stat)- 0.07(syst).
600 7 Combining this result with the two previous measurements
B of y production by a proton beafi3], we have computed
S00 the world averagegshown in Fig. 3 to be o(x1)/o(x2)
200 b =0.31£0.14. This figure is consistent with the latest
; NRQCD estimates 0f0.3 [14], where y; production was
300 “ boosted by the inclusion of higher order terms in the velocity
200 F expansior 15].
" Finally, the energy dependence of the combingdand
100 F X2 production near threshold was compared to the corre-
0 : L sponding quantity fod/ ¢ production. In Ref[16] J/ ¢ pro-

(. PRV BRI S BT ETU S B EE N B AT A s sl
5 10 15 20 25 30 35 40 45 50 duction data from 1pN experiments were fit as a function
Vs (GeV) of \/s between 8 and 52 GeV. ThE production data near

FIG. 4. o(x) vs Vs in pN interactions. Superimposed is a fit to threshold was well represented by the funCti‘T(‘ﬁ)w
a threshold production parametrization described in the teft) = oo(1— MJ/,/,/\/g)ﬁ, with oy=1.0=0.1 ub/nucleon and3
is the sum of they; and x, cross sections where the E673 data =11.8+0.5. To check whethey production has similar dy-
point has been obtained from the publishedcross section and namics as)/¢ production, the sum of thg cross sections
ratio of x,/x;. has been fit to a similar parametrization wjghfixed to the
_ _ J/ i value andM , replacingM ;. The fit, shown in Fig. 4,
The contribution to the systematic error due to the mode|ysirates the similarity of thel/y and y production at
dependence of hgavy quark production was also investigateghreshold. The fit yieldsoo=2.3+0.4 ub/nucleon for the
The y cross sections quoted above are bz_;\sed onqmlrr asymptotico( ) cross section.
cross section measuremd]. The systematic error in the
J/ cross section included model dependence and is incor- We wish to thank Fermilab, the U.S. Department of En-
porated in the quotegl systematic errors. In addition, effects ergy, the National Science Foundation, the Istituto Nazionale
specific toy production have been investigated. The colordi Fisica Nucleare of Italy, the Natural Science and Engi-
singlet model for chi productiofl2], as incorporated in neering Research Council of Canada, the Institute for Par-
PYTHIA in our Monte Carlo simulation, was modified by ticle and Nuclear Physics of the Commonwealth of Virginia,
varying the wave function at the origin and the derivative ofand the Texas Advanced Research Program for their support.
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